To determine whether cells from mice homozygous for the Atm disruption also had abnormal G1 exon would result in the truncation of the protein in the neo gene, and an Atm transcript that spliced around this checkpoint function, we examined RDS in tail fibroblasts 0.0001) than wild-type littermates (total of 241 different mice). Body weights of heterozygous mice were similar to that of wild-type mice (data not shown). The difference was observed during nursing, after weaning, and during the period of rapid growth, suggesting that diet, competition for food, and physical problems with eating were not entirely responsible for the poor growth of the mutant mice. Instead, the abnormality appeared to be a direct effect of the disruption of Atm on cellular growth.
Poor Growth of Mutant Fibroblasts
Tail fibroblast lines from homozygous mutant mice used for RDS analysis grew slowly in culture using standard growth conditions and medium containing 10% fetal calf serum, while tail fibroblast lines from wild-type or heterozygous mice grew normally (data not shown). Human AT fibroblast lines grow slowly, undergo premature senescence, and have high requirements for growth factors (reviewed by Shiloh, 1995) . We therefore made embryonic fibroblasts from a heterozygous cross and examined the growth properties of the cell lines prior to genotyping, so that our observations were blinded. All cell lines grew in 15% fetal calf serum over the first 2 or 3 days. However, after 3 days, two of the clones grew much more slowly than the other eight clones, and genotyping revealed that the two poorly growing clones were from homozygous mutant embryos. We measured the growth of these cells immediately after the first passage, and the mutant embryonic fibroblasts showed extremely poor growth ( Figure 2C ), while wild-type and heterozygous cells grew normally. In addition, three homozygous mutant lines from two other litters also grew 
Gy of ␥-irradiation when compared with wild-type tail
The rota-rod test was performed by placing each subfibroblasts ( Figure 1D ), similar to lymphoblastoid lines ject on a rotating drum and measuring the time the from AT patients (data not shown). This indicates that animal was able to maintain its balance on the rod. Mice mice with the targeted mutation of Atm have abnormal were given two training trials to become accustomed Atm function.
to the apparatus. After 1 week, mice were given two trials with the rota-rod speed set at either 24 or 40 rpm. Wild-type mice were able to stay on the rota-rod signifiEssential Role for Atm in Somatic Growth Mice homozygous for the Atm disruption appeared to cantly longer (p < 0.01) than mutant mice during the 24 and 40 rpm tests ( Figure 3A ). Heterozygotes performed be smaller in size at birth. Daily inspection of the pups in these litters, until they could be unambiguously identisimilarly to wild-type mice (data not shown). Impaired rota-rod performance in mutant mice was not the result fied (postnatal day 8) and genotyped, confirmed that the majority of small mice identified at birth were homoof poor strength, since all mice were able to remain suspended upside down from a wire lid for similar zygous mutants. We determined the growth of individual mice of all three genotypes from postnatal day 8 to 3 lengths of time (data not shown). There were no rotarod performance differences between 2-and 4-monthmonths of age. Overall, female ( Figure 2A ) and male ( Figure 2B ) mutant mice weighed significantly less (p < old mutants (data not shown). Figure 3B ). Similarly, mutant mice reared heterozygous mice. Mutant males (n ϭ 5) were capable of mating with control females in estrous, as demonless often (p < 0.05) than the wild-type mice.
Hind-paw footprint analysis was used to determine strated by the presence of a vaginal copulation plug. However, these matings never resulted in pregnancy whether ambulation differed in mutant mice. The hind paws were first dipped in ink, and then the subject was (n ϭ 15). These experiments demonstrated that male mutant mice had normal development of secondary sexplaced at an open end of a tunnel. The mouse was allowed to walk to the other end of the tunnel, where it ual characteristics, and were capable of the mechanics of mating, but were infertile. Females homozygous for was retrieved and placed into its home cage. To characterize the walking pattern of each mouse, we measured the Atm disruption (n ϭ 8) were mated with wild-type and heterozygous males and checked daily for copulation the average distance between each stride (stride length). Mutant mice had significantly shorter (p < 0.05) stride plugs. Mutant females never had copulation plugs after 1 month, while all wild-type and heterozygous females lengths compared with the wild-type controls ( Figure  3C ), which in part could be due to their smaller size.
in the same cages were plugged and became pregnant. In addition, 20 mutant females were checked on three However, the maximum difference in stride lengths (longest stride to shortest stride) was significantly greater separate occasions for estrous, indicative of normal ovulatory cycling, and none was in estrous at any time (p < 0.05) in mutant mice ( Figure 3C ), which should be independent of size. This latter finding indicates that the of observation, providing an explanation for the failure of males to mate with mutant females. stepping pattern in mutant mice was less consistent than in wild-type mice, indicative of ataxia ( Figure 3D evidence of cellular degeneration, and many were barren of all cell types except Sertoli cells ( Figure 4H ). Mutant seminiferous tubules were devoid of spermatids and spermatozoa. The epididymis was normal in structure, except that it was also devoid of spermatozoa (data not shown).
Immunologic Abnormalities in Mutant Mice
Lymphoid tissues from homozygous mutant mice were generally smaller in size when compared with the same tissues from littermate controls. However, histological analysis of thymus, spleen, lymph nodes, and bone marrow of wild-type, heterozygous, and mutant mice at 2, 4, and 8 weeks of age revealed no major difference in their architecture. To investigate potential immunologic abnormalities, we performed flow cytometry analysis of thymocytes, splenocytes, lymph nodes, and peripheral blood from two wild-type, one heterozygote, and three mutant littermates at 2 months of age. were obtained in cells from spleen, lymph nodes, and peripheral blood from control and mutant mice (Table  1) Values represent percent double-positive cells Ϯ standard error of the mean. n ϭ 3 for all samples, except blood where n ϭ 2. Figure 6D) . In all ten metaphases analyzed, the following aberraAt a dose of 4 Gy ( Figure 7B ), all heterozygous and wild-type mice survived the 4 week duration of the extions were detected: translocations t(12;10), t(14;13), and t(14;15) as well as an insertion, ins(6;14). Since the periment without any morbidity. In a separate experiment, 23 heterozygous and 15 wild-type mice were irraanalysis was performed on early passage cells, it most likely reflects karyotypic abnormalities intrinsic to the diated with 4 Gy and are without morbidity after 2 months (data not shown). In contrast, two thirds of the tumor. mutant mice irradiated at 4 Gy died between 5 and 7 days, with similar abdominal symptoms ( Figure 7B ). The Extreme Radiation Sensitivity of Atm Mutant Mice remaining third were without morbidity after 4 weeks. To determine the cause of death, we irradiated wildWe determined the sensitivity of mice homozygous for the Atm disruption to ionizing radiation. Primary embrytype and mutant mice with 8 Gy, and examined various tissues histologically at 2, 3, and 4 days postirradiation. onic fibroblasts from mutant mice grow poorly, so the analysis of radiation sensitivity using survival assays Most tissues were histologically normal in appearance. For example, brain, skin, lung, heart, skeletal muscle, might be prone to misleading artifact. Therefore, 10-week-old wild-type, heterozygous, and homozygous pancreas, bone, and cartilage were unaffected by this dose of radiation in control and homozygous mutant mutant littermates were irradiated with two different doses of ␥-irradiation, and the mice were monitored for mice (data not shown Figures 7D and 7F ), villi were blunted and shortened, and there were some areas where crypts were entirely obliterated. Dilated degenerative crypts were frequently observed ( Figure 7F ). There were occasional regions of erosion and ulceration. Changes 3 days postirradiation were intermediate (data not shown). The colon of wild-type mice irradiated at 8 Gy was unaffected at 2 days (data not shown) and minimally affected at 4 days ( Figure 7G ) postirradiation, as evidenced by occasional degenerating cells. Mutant mice at 2 days postirradiation with 8 Gy (data not shown) showed evidence of mild epithelial degeneration, progressing to a moderate loss of glandular epithelium by 4 days ( Figure 7H ). In addition, there was evidence of increased radiation sensitivity of the salivary glands in mutant mice. This finding was specific to the salivary gland, as no ductal degeneration was evident in the pancreas (data not shown). Thus, Atm-deficient mice are exquisitely sensitive to ionizing radiation. Death was caused by the severe toxic effects of radiation on the gastrointestinal tracts. Surprisingly, there was selective acute toxicity of specific tissues of mutant mice to ␥-irradiation, rather than global radiation toxicity.
Discussion
We have created mice with a disruption of Atm, which recapitulates the human disease and points to a critical role of Atm in the maintenance of mitotic, postmitotic, and meiotic cells. Mice homozygous for the Atm disruption have growth retardation, neurologic dysfunction, We have noticed no abnormalities in heterozygous mice up to 8 months of age. They are of normal size and fertility and free of tumors and illness. They are no nodes, and bone marrow, tissues known to be sensitive to ␥-irradiation, were depleted of cells in both control more sensitive to the acute effects of ionizing radiation than wild-type mice, and no morbidity has been noted up and mutant mice, although the mutant mouse lymphoid tissues were slightly more cellular than control mouse to 2 months postirradiation. We are currently following a cohort of irradiated heterozygotes and wild-type mice tissues (data not shown). Thus, the rapid death of mutant mice was unlikely to result from more severe effects on to determine whether irradiation causes an increased tumor frequency in heterozygotes. immune function in the mutant mice.
The death of the mutant mice resulted from acute The homozygous mutant mice have neurologic deficits as assessed by poor performance on three separate radiation toxicity to the gastrointestinal tract. In the stomach, mutant and wild-type mice both had parietal tests of motor function. 
